The ability to inappropriately progress through S phase during drug treatment is a key determinant of tumor cell sensitivity to thymidylate synthase inhibitors such as 5-fluoro-2-deoxyuridine (FdUrd). Previous studies suggest that SW620 cells, which are relatively resistant to FdUrd, have an intact early S-phase checkpoint that protects against FdUrdinduced DNA damage and cytotoxicity and that this checkpoint is defective in the relatively sensitive HT29 cells, which continue to progress through S phase during drug treatment. To test this hypothesis, we examined the expression and activation of known S-phase checkpoint mediators in FdUrd-treated SW620 and HT29 cells. FdUrd induced degradation of cdc25A in SW620, but not HT29 cells, in a manner that correlated with the previously described drug-induced S-phase arrest. This difference, however, could not be attributed to differences in either chk1 activation, which was similar in both cell lines, or chk2 activation, which only occurred in HT29 cells and correlated with uracil misincorporation/misrepair-induced DNA double-stranded breaks. These observations suggest that although FdUrd-induced S-phase arrest and associated cdc25A degradation are impaired in HT29 cells, signaling by ATM/ATR is intact upstream of chk1 and chk2. Finally, FdUrd induced premature mitotic entry, a phenomenon associated with deregulated cdc25A expression, in HT29 but not SW620 cells. Blocking cdc25A expression in HT29 cells with small interfering RNA attenuated FdUrd-induced premature mitotic entry, suggesting that progression of HT29 cells through S phase during drug treatment results in part from the inability of these cells to degrade cdc25A in response to FdUrd-induced DNA damage.
INTRODUCTION
Fluoropyrimidines such as 5-fluorouracil and 5-fluoro-2Ј-deoxyuridine (FdUrd) have been used clinically as antineoplastic agents for decades, and they continue to form the cornerstone of front-line therapeutic regimens for the treatment of various solid tumors, especially those of gastrointestinal origin (1) . The initial steps in the process by which these drugs kill tumor cells are well established: 5-fluorouracil and FdUrd are metabolized to the nucleoside monophosphate, FdUMP, which then forms a covalent ternary complex with thymidylate synthase and a reduced-folate cofactor, 5,10-methylenetetrathydrofolate, thus inhibiting the thymidylate synthase enzyme (2) . Accordingly, cellular resistance to fluoropyrimidine cytotoxicity is observed under circumstances that subvert complete inhibition of thymidylate synthase activity, such as insufficient supply of reduced-folate cofactor (3) or elevated levels of thymidylate synthase protein (4) . However, it is much less clear how regulation of events downstream of thymidylate synthase inhibition can affect the extent to which thymidylate synthase inhibition leads to cell death (5, 6) .
One immediate consequence of thymidylate synthase inhibition is accumulation of the substrate of the blocked enzymatic reaction, dUMP. This leads to elevated levels of dUTP, misincorporation of uracil into DNA, and DNA double-stranded breaks (7) (8) (9) (10) (11) (12) (13) . Results from our laboratory and others have shown that attenuation of this process, by elevation of dUTPase activity, can diminish DNA double-stranded breaks and cytotoxicity caused by thymidylate synthase inhibition (14 -17) . The other immediate consequence of thymidylate synthase inhibition is depletion of the product of the blocked reaction, dTMP. Experiments using thymidylate synthase-deficient mammalian cells that depend upon exogenous thymidine (dThd) for survival have been used to characterize responses to dThd nucleotide starvation, independently from the effects of dUrd nucleotide pool expansion (18 -20) . These studies demonstrate that the prolonged absence of dThd nucleotides is also sufficient to cause cell death, presumably without involving dUrd nucleotides. Although uracil-mediated DNA double-stranded break formation and inhibition of replication fork progression due to lack of dTTP are both significant stresses, their impacts on survival can vary, depending on how a particular cell type responds to them. Responses that involve regulation of cell cycle progression and apoptosis are particularly important in this regard (5, 6, 21) . In previous studies in which we compared the effects of FdUrd in two human colorectal tumor cell lines (HT29 and SW620), we found that the propensity of HT29 cells to try to advance through the cell cycle during profound thymidylate synthase inhibition correlated closely with their sensitivity to FdUrd-induced clonogenic death, relative to SW620 cells (22) (23) (24) . Based on these observations, we hypothesized that the sensitivity of HT29 cells to thymidylate synthase inhibition may be due in part to a defect in their cell cycle checkpoint response(s) to FdUrd-induced DNA damage. Fig. 1 shows a scheme of predicted responses following various insults to a cell with normal checkpoint function. This summary is a distillation of features that appear in a number of recent reviews (25) (26) (27) (28) (29) , with emphasis on the pathway integration models that are contained in a series of papers from . According to this scheme, detection of DNA damage or replication inhibition leads first to activation of the ATM or ATR kinases, which then activate a second tier of kinases, chk1 and chk2. The substrates for these proteins include members of the cdc25 phosphatase family, which are required to remove inhibitory phosphates from cyclin/cdk complexes, thereby activating the cdks. When phosphorylated by chk1 or chk2, the cdc25 proteins are inactivated either by degradation (cdc25A) or nuclear export (cdc25C), resulting in a halt to their activation of cdks and therefore a halt to cell cycle progression.
Based on this scheme, we analyzed several elements involved in early S-phase checkpoint function, including cdc25A, chk1, and chk2, to determine whether differences in the responses of these proteins to thymidylate synthase inhibition account for the differences in cell cycle progression and sensitivity to FdUrd observed between HT29 and SW620 cells.
HT.lac48 (expresses ␤-galactosidase) and HT.dut (expresses Escherichia coli dUTPase; ref. 15) , were maintained in RPMI 1640 supplemented with 10% fetal bovine serum and 2 mmol/L L-glutamine. The HT.lac48 clone was used in place of parental HT29 cells in all experiments. Both SW620 and HT29 cell lines are homozygous mutant p53 (mut-p53; ref. 36 ). All drug media were supplemented with 10% dialyzed fetal bovine serum to minimize dThd salvage. All drugs except AG337 were obtained from Sigma Chemical (St. Louis, MO) and were dissolved in double-distilled water and stored at 4°C for up to 2 months. AG337 was a gift from John P. Montana (Agouron Pharmaceuticals, Inc., La Jolla, CA).
Western Blot Analyses. Exponentially growing cells were treated with drug for 30 minutes to 24 hours, harvested with trypsin, washed with ice-cold PBS (2.7 mmol/L KCl, 138 mmol/L NaCl, and 8. For experiments with the proteasome inhibitor calpain inhibitor I N-Acetyl-Leu-LeuNorleu-al (LLnL), 25 g/mL LLnL or vehicle control (0.1% DMSO) was added to the drug media for the last 60 minutes of treatment as described previously (33) . Proteins were resolved on 10% gels for cdc25A detection (37.5:1 ratio acrylamide:bisacrylamide) or 8% gels for chk1 (13.8:0.4 ratio acrylamide:bisacrylamide) and chk2 mobility shift detection (10:0.1 ratio acrylamide:bisacrylamide) as described previously (38) . Antibodies used are given in the figure legends.
Chk2 Kinase Assay. 32 P-labeled peptide, as described by Upstate Biotechnology. Results were compared with those from a purified chk2 (no. 14-347; Upstate Biotechnology) standard curve to determine milliunits of chk2 activity per sample.
Chk1 Kinase Assay. Endogenous chk1 activity was measured as described previously (39) . In brief, 500 g of cellular protein was mixed with 1 g of chk1 antibody (sc-7898; Santa Cruz Biotechnology) for 3 hours at 4°C. Samples were then incubated an additional 90 minutes at 4°C with 20 L of 50% protein-A agarose (Invitrogen) to pull down the immune complex. Agarose pellets were washed twice with lysis buffer and once with chk1 kinase assay buffer [20 mmol/L Tris-Cl (pH 7.5), 0.1 mmol/L EGTA (pH 7.0), 10 mmol/L MgCl 2 , and 1 mmol/L dithiothreitol]. Samples were then incubated in 50 L of total volume with 2 mmol/L cold ATP, 3 g of glutathione-Stransferase (GST)-cdc25A substrate, and 3 Ci of [␥-
32 P]ATP for 30 minutes at 37°C. One-half of each sample was spotted on squares of P81 phosphocellulose paper (Upstate Biotechnology), which were then washed three times in 0.75% phosphoric acid and once in acetone, dried, and counted in a scintillation counter. Data are presented as the fold change in immunoprecipitated chk1 activity and represent the mean Ϯ SE from three separate experiments.
Flow Cytometry. Exponentially growing cells were treated with drug, trypsinized, washed with ice-cold PBS, and fixed at a concentration of 2 ϫ 10 6 cells/mL in ice-cold 70% ethanol. Washed, fixed cells were incubated with a rabbit anti-phospho-histone H3-specific antibody (no. 06-570; Upstate Biotechnology), followed by a FITC-conjugated antirabbit secondary antibody (F-0382; Sigma Chemical) as described previously (40) . Cells were then stained with propidium iodide to measure total DNA content and analyzed on a FACScan flow cytometer (Becton-Dickinson, Palo Alto, CA) with FlowJo software (Tree Star, Inc., Ashland, OR). Samples were analyzed within 72 hours of collection.
RNA Interference Experiments. RNA interference was performed in 12-well dishes with TransIT-TKO transfection reagent using a serum-free protocol supplied by Mirus Corporation (Madison, WI). The previously described small interfering RNA oligonucleotide corresponding to nucleotides 82 to 102 of human cdc25A (41) was supplied by Qiagen (Valencia, CA). Cells were treated with drug 24 hours post-transfection and analyzed 36 hours later.
RESULTS
Thymidylate Synthase Inhibition Causes cdc25A Degradation in SW620 but not HT29 Cells. Results from several studies support the hypothesis that S-phase progression during drug treatment is an important determinant of fluoropyrimidine-mediated cytotoxicity and radiosensitization (22-24, 42, 43) . Mechanistically, the progression of the relatively sensitive HT29 cells into S phase during periods of thymidylate synthase inhibition has been linked to a drug-induced increase in cyclin E-associated cdk2 activity (44) . In contrast, cyclin E-cdk2 activity is unchanged in FdUrd-treated SW620 cells, which are relatively resistant to FdUrd (44) . Because cdc25A is a phosphatase that can activate cdk2 through dephosphorylation of residues Thr-14 and Tyr-15, we hypothesized that drug-induced changes in cdc25A might correlate with FdUrd-induced S-phase arrest in these cell lines. In SW620 cells, cdc25A protein levels decreased beginning at about 6 hours of treatment with 100 nM FdUrd ( Fig. 2A) . This decrease correlates temporally with the previously described druginduced early S-phase arrest observed in these cells (24, 42, 44 ). In addition, the FdUrd-induced decrease in cdc25A was prevented by cotreatment with the proteasome inhibitor LLnL, supporting the hypothesis that FdUrd stimulated degradation of cdc25A (Fig. 2B) .
In contrast, cdc25A levels were maintained or slightly elevated during periods of thymidylate synthase inhibition in HT29 cells. This result is consistent with the incomplete drug-induced S-phase arrest previously observed in HT29 cells (24, 42, 44) . The genomic cdc25A sequence from both SW620 and HT29 cells matches that reported for wild-type human cdc25A in the National Center for Biotechnology Information database (accession no. BC007401), 3 indicating that the failure of FdUrd to induce cd25A degradation in HT29 cells is not due to the expression of a mutant, stabilized protein. Similar cdc25A response patterns were observed in SW620 and HT29 cells treated with other thymidylate synthase inhibitors, including 5-fluorouracil, AG337, and methotrexate ( Fig. 2A) .
Chk2 Responses Are Intact in HT29 and SW620 Cells, but They Do Not Explain cdc25A Behavior. Considering the checkpoint pathway model proposed by Falck et al. (31) , we predicted that the cdc25A degradation observed in FdUrd-treated SW620 cells might be a consequence of DNA damage-induced, ATM-mediated chk2 activation. To test this hypothesis, we first established that the ATMchk2-cdc25A checkpoint pathway is activated by ionizing radiation in our cell lines. Activation of chk2 [as determined by phosphorylation of Thr-68 and mobility shift of total chk2 protein (45-47)] occurred within 15 to 30 minutes of irradiation in both cell lines, although the response was slightly stronger in HT29 cells (Fig. 3) . The onset of cdc25A degradation coincided with chk2 activation in SW620 cells, although it was delayed and less extensive in HT29 cells. Exposure of either cell line to 5 mmol/L hydroxyurea for as long as 24 hours resulted in negligible activation of chk2 (data not shown). These results indicate that both cell lines partially conform to the prevailing model, in that chk2 is activated by DNA double-stranded breaks (but not replication fork stalling). However, the relatively small effect of ionizing radiation on cdc25A in HT29 cells suggests there may be other pathways operating in these cells that oppose cdc25A degradation.
We next examined chk2 phosphorylation and activation in FdUrdtreated SW620 and HT29 cells. Western blot analysis revealed that FdUrd treatment caused chk2 phosphorylation and mobility shift in HT29 cells, but not SW620 cells (Fig. 4A) . Similar phosphorylation patterns were observed in cells treated with 5-fluorouracil, AG337, or methotrexate (data not shown). To confirm that the presence of Thr-68 -phosphorylated, mobility-shifted chk2 corresponded to activation of that protein, we measured the activity of endogenous chk2 immunoprecipitated from drug-treated cells (Fig. 4B ). Chk2 activity was induced after 6 to 12 hours of drug treatment in HT29 cells, but not SW620 cells, and corresponded with the appearance of mobilityshifted, Thr-68 -phosphorylated chk2 on Western blots.
A. Parsels, J. Maybaum, unpublished data. Fig. 2 . The effects of thymidylate synthase inhibition on cdc25A protein levels in SW620 and HT29 cells. Cell lysates were prepared with cell lysis buffer 1, resolved on Western blots, and probed with a mouse monoclonal cdc25A antibody (no. sc-7389; lot I1503; Santa Cruz Biotechnology) to determine cdc25A expression levels. Results are representative of at least three separate experiments. FUra, 5-fluorouracil; MTX, methotrexate. Fig. 3 . Western blot analysis of ionizing radiation-induced cdc25A degradation and chk2 activation in SW620 and HT29 cells. Cdc25A was detected as described in Fig. 1 legend. In addition, cell lysates were prepared with cell lysis buffer 2, resolved on Western blots, and probed with a rabbit phospho-Thr-68 -specific chk2 antibody (no. 2661; Cell Signaling Technology, Beverly, MA). Membranes were subsequently probed with a goat polyclonal chk2 antibody (no. sc-8812; Santa Cruz Biotechnology) to assess total chk2 protein levels. Results are representative of at least two independent experiments. Because SW620 cells are capable of responding to DNA doublestranded breaks by activating chk2 (Fig. 3) , it seems plausible that their failure to do so when exposed to 100 nM FdUrd reflects the formation of fewer DNA double-stranded breaks in SW620 cells than in HT29 cells. This explanation is supported by our previous finding that SW620 cells contain severalfold higher levels of dUTPase than HT29 cells, which should attenuate dUTP accumulation and uracilmediated DNA double-stranded break formation (14) . We previously described an HT29 derivative, HT.dut, which expresses E. coli dUTPase and is thus partially protected from the DNA damaging and cytotoxic effects of uracil misincorporation/misrepair associated with thymidylate synthase inhibition (15) . To further test the hypothesis that uracil-mediated DNA double-stranded breaks cause chk2 activation in HT29 cells, we examined chk2 phosphorylation in HT.dut cells treated with FdUrd (Fig. 4) . As expected, we found that chk2 phosphorylation was delayed and attenuated in HT.dut cells in a manner that correlated temporally with the previously reported delay in the accumulation of FdUrd-induced DNA double-stranded break formation in these cells (16) .
Chk1 Responses to DNA Damage Are Similar in HT29 and SW620 Cells. Because chk1 is also a key effector in DNA damage response pathways, with documented ability to regulate cdc25A levels (33, 35) , we investigated the potential role of this kinase in our system. Chk1 activation was assessed by measurement of phosphorylation at Ser-317 and Ser-345 (48) and the ability of immunoprecipitated endogenous chk1 to phosphorylate GST-cdc25A in an in vitro assay (39) . When SW620, HT29, or HT.dut cells were exposed to 5 mmol/L hydroxyurea, a strong, rapid signal was obtained for chk1 phosphorylation that correlated with an initial decrease in cdc25A protein levels (Fig. 5) . Hydroxyurea-induced cdc25A degradation in these cells was blocked by LLnL (data not shown). Despite the continued presence of hydroxyurea and sustained phosphorylation of chk1, cdc25A protein levels recovered within 6 to 12 hours but fell again at 16 to 24 hours, a biphasic response similar to that observed in irradiated SW620 cells (Fig. 3) . This biphasic cdc25A response pattern may indicate that multiple DNA-damage response pathways are stimulated by hydroxyurea in these cells, i.e., an early, transient response to stalled replication forks, which correlates with the initial phosphorylation of chk1, and a secondary, delayed response to subsequent DNA damage. Biphasic responses to ionizing radiation have been described previously (41, 49) and may represent activation of separate ATM-and ATR-mediated checkpoint pathways.
Treatment of each cell line with 100 nM FdUrd produced a strong signal for chk1 phosphorylation by the 6-hour time point, which was accompanied by a modest increase in chk1 activity (Fig. 6A and B) . Although chk1 remained phosphorylated throughout the drug treatment period, chk1 activity had returned to control levels by the 24-hour time point. This concentration of FdUrd is sufficient to almost completely inhibit thymidylate synthase (and, presumably, replication fork progression) in both cell lines within 2 hours (44), so we anticipated that a chk1 response would be seen. It is not clear, however, why FdUrd-induced chk1 phosphorylation was delayed relative to the hydroxyurea-mediated chk1 response, which occurred almost immediately after hydroxyurea treatment. One possibility is that hydroxyurea stalls replication forks more effectively than FdUrd, because it depletes all four deoxyribonucleotides, instead of just dTTP. In any case, the observed time course for chk1 activation is consistent with chk1 being responsible for FdUrd-induced cdc25A degradation in SW620 cells. It is as yet unclear why FdUrd-induced chk1 activation does not lead to cdc25A degradation in HT29 cells, but it may be due to a functional defect in one or more of the recently described cofactors for in vivo chk1 activity, such as Nbs-1 (49) or claspin (50).
5-Fluoro-2-Deoxyuridine Causes Premature Mitotic Entry in HT29, but not SW620 Cells. The above data demonstrate that cdc25A levels remain high during periods of thymidylate synthase inhibition in HT29 cells, despite activation of both chk1 and chk2. Because deregulated cdc25A expression causes not only accelerated G 1 -S-phase transition (51, 52) but may also prematurely force cells into mitosis (34, 52) , we used a flow cytometric assay to characterize the fraction of SW620, HT29, and HT.dut cell populations that entered mitosis (as indicated by positive staining for phospho-histone H3) during FdUrd treatment (Fig. 7) . The mitotic fractions of the three cell lines were similar at the beginning of drug treatment (2.3-2.9%) and in all cases, mitotic cells were depleted by 16 hours of drug treatment. SW620 cells failed to enter mitosis to a significant extent through 36 hours of drug treatment, consistent with the notion that this line has a relatively effective G 2 -M checkpoint system. In contrast, after a 24-hour exposure to FdUrd, some HT29 cells could be seen to enter mitosis. We were surprised to see that phospho-histone H3-positive cells arose not only with a G 2 -M complement of DNA but also with a G 1 -early S complement of DNA, indicating that some cells attempted to enter mitosis after having replicated little or none of their genome. The response of HT.dut cells was qualitatively similar to that of HT29 cells, except that it was delayed by about 12 hours, a result consistent with the delayed accumulation of FdUrd-induced DNA double-stranded breaks, delayed activation of chk2, and partial protection from FdUrd-induced cytotoxicity observed in these cells. Neither SW620 nor HT29 cells entered mitosis after a 24-hour treatment with a similarly toxic dose of hydroxyurea (data not shown).
To better understand the role of cd25A in FdUrd-induced premature mitotic entry, we transfected HT29 cells with a previously described double-stranded small interfering RNA specific for cdc25A (41) and determined the fraction of phosphohistone H3- Fig. 5 . Western blot analysis of cdc25A and chk1 in SW620, HT29, and HT.dut cells treated with 5 mmol/L hydroxyurea (HU). Cdc25A was detected as described in the Fig. 1 legend. In addition, cell lysates were prepared with cell lysis buffer 2, resolved on Western blots, and probed with either a phospho-Ser-317-specific (chk1-Ser317P) or a phospho-Ser-345-specific (chk1-Ser345P) chk1 antibody (nos. 2344 and 2341, respectively; Cell Signaling Technology). Membranes were subsequently probed with a rabbit polyclonal chk1 antibody (no. sc-7898; Santa Cruz Biotechnology) to assess total chk1 protein levels. Under these conditions, the total chk1 antibody did not detect a band that comigrated with the Ser-345-phosphorylated, gel mobility-shifted chk1 band. Results are representative of at least two separate experiments.
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on October 3, 2017. © 2004 American Association for Cancer cancerres.aacrjournals.org Downloaded from positive cells in the absence or presence of drug. FdUrd-induced premature mitotic entry was partially blocked in HT29 cells with decreased cdc25A expression (Fig. 8) , suggesting that the continued presence of cdc25A in mock-transfected HT29 cells contributes to their inability to completely arrest in early S phase in response to FdUrd-induced DNA damage. The increase in the mitotic fraction of HT29 cells transfected with cdc25A small interfering RNA (in the absence of drug treatment) appears to be cell line specific because there was no change in the mitotic fractions of either HeLa or SW620 cells transfected with cdc25A small interfering RNA (ref. 41 ; data not shown).
DISCUSSION
When the current studies were undertaken, we made the general prediction that checkpoint responses to thymidylate synthase inhibi- (Figs. 5 and 6 ). It was somewhat surprising to find that chk1 phosphorylation did not occur sooner than 6 hours after FdUrd treatment, considering that thymidylate synthase inhibition is maximal within 2 hours (44) and that chk1 phosphorylation was evident in hydroxyurea-treated cells after as little as 30 minutes (Fig.  5) . It may be the case that a small residual pool of dThd nucleotides persisted for a short while after FdUrd treatment that was sufficient to keep replication from immediately coming to a complete stop.
A very different situation was observed with regard to FdUrdinduced chk2 activation, which occurred to a significant degree in HT29 cells, but not in SW620 cells (Fig. 4) . At least three lines of evidence suggest that chk2 activation may be attributed to uracilmediated DNA double-stranded breaks in this situation. First, the time course of chk2 activation in HT29 cells corresponds to the time course with which FdUrd-induced DNA double-stranded breaks were observed in a previous study (16) . Second, we found earlier that FdUrdinduced accumulation of dUTP is significantly lower in SW620 cells than in HT29 cells, because of a severalfold higher level of dUTPase expression in the SW620 line (14) . Third, FdUrd-induced activation of chk2 was delayed by about 12 hours in HT.dut cells compared with the HT29 cells (Fig. 4) . This corresponds closely to the delay in appearance of DNA double-stranded breaks in HT.dut cells upon FdUrd treatment, relative to HT29 cells (15) .
In human colon cancer specimens, dUTPase expression varies widely and is negatively correlated with a favorable prognosis (53, 54) . Our findings suggest that low dUTPase expression might also predict for activation of chk2 signaling in response to thymidylate synthase inhibition. Considering the number of known and potential substrates for chk2 in various signaling pathways (55) , dUTPase expression might therefore have an important impact on cellular response to thymidylate synthase inhibition through chk2, as well as through modulation of the underlying lesion (DNA double-stranded breaks).
Among the key processes shown to be regulated by chk1 and chk2 is cdc25A degradation (29, 35, 41, 56) . If phosphorylation by these Fig. 6 . Western blot analysis (A) and kinetic assay (B) of FdUrd-mediated chk1 activation in SW620, HT29, and HT.dut cells. Cell lysates were prepared with cell lysis buffer 2, resolved on Western blots, and probed with either a phospho-Ser-317-specific (chk1-Ser317P) or a phospho-Ser-345-specific (chk1-Ser345P) chk1 antibody (see Fig. 5 legend). Membranes were subsequently probed with a rabbit polyclonal chk1 antibody to assess total chk1 protein levels. In addition, FdUrd-induced activation of endogenous chk1 immunoprecipitated from cell lysates prepared with cell lysis buffer 3 was measured with a kinetic assay using GST-cdc25A as substrate (B). kinases is the major determinant of changes in cdc25A stability in response to DNA damage, then we would expect to see a consistent pattern in which chk1 or chk2 activation corresponds to loss of cdc25A protein. Instead, in the present study, there were many circumstances in which changes in cdc25A protein levels cannot be explained simply by activation of chk1 or chk2. For example, in SW620 cells exposed to 10 Gy of ionizing radiation, cdc25A vanished within 15 minutes, although activated (gel-shifted) chk2 was not detected until the 30-minute time point (Fig. 3) . Cdc25A subsequently recovered at the 6-and 10-hour time points, when chk2 activation was still maximal, and then cdc25A declined again at the 24-hour point, when chk2 activation was waning. When SW620 cells were treated with 5 mmol/L hydroxyurea, the initial disappearance of cdc25A did coincide with chk1 activation (Fig. 5) ; however, cdc25A protein was restored to control levels at later time points, even though chk1 remained phosphorylated. Only after FdUrd treatment in SW620 cells did chk1 activation track with cdc25A degradation (Figs. 2 and 6) .
In HT29 cells, the behavior of cdc25A was even more discrepant with activation of chk kinases. In general, cdc25A was more resistant to down-regulation in HT29 cells than in SW620, even though the baseline levels of cdc25A were 2-to 3-fold higher in SW620 cells (data not shown). Factors other than chk1 and chk2 are known to regulate cdc25A expression, and our results indicate that some of these may be of greater importance in HT29 cells. At the level of protein degradation, it has been shown that cyclin B/cdk1 can phosphorylate cdc25A at Ser-17 and Ser-115, stabilizing the cdc25A protein against proteasomal destruction (34) . Cdk2 has also been implicated recently in regulating cdc25A levels in HeLa cells through a destabilizing phosphorylation, although the site of that modification was not defined (57) . On the input side of the process, transcription of the cdc25A gene is responsive to E2F-1 (58, 59) . Because E2F-1 can be stabilized by chk2 (60) , it is plausible that chk2 activation could lead to an increase in cdc25A protein content through E2F-mediated up-regulation. The contributions of all of these mechanisms will need to be analyzed to understand why cdc25A levels are maintained in HT29 cells after thymidylate synthase inhibition.
Regardless of the mechanism by which it occurs, the persistence of cdc25A activity in HT29 cells should promote cdk activation and, therefore, cell cycle progression. This is consistent with previous results showing that cyclin E/cdk2 activity rises in HT29 cells but not SW620 cells during thymidylate synthase inhibition (44) . Because it has been found that ectopic expression of cdc25A can drive cells into premature mitosis (34, 52) , it was not surprising to find that the continued presence of cdc25A in HT29 cells also permitted mitotic entry during drug treatment (Figs. 7 and 8) . We did not predict, however, that a population of cells would arise that stains positively for phospho-histone H3 while having DNA content equivalent to G 1 -early S-phase cells. As far as we are aware, premature mitotic entry of this nature has previously only been seen in cells exposed to drugs that directly affect checkpoint proteins. Presumably, this prereplicative mitotic entry required not only activity of one or more of the cdc25 phosphatases but also accumulation of cyclin B1 and its nuclear localization, along with cdk1. We plan to investigate this phenomenon further to determine whether the cells staining positive for histone H3 phosphorylation show other signs of having entered mitosis prematurely (such as chromosome condensation and nuclear membrane breakdown) and whether FdUrd treatment has any relevant effects on cyclin B1 expression or localization.
We were surprised by the observation that depletion of cdc25A with small interfering RNA caused an increase in the mitotic fraction of HT29 cells in the absence of drug treatment. Previous studies (41), which we were able to replicate (data not shown), found no change in the mitotic fraction of cdc25A small interfering RNA-transfected HeLa or SW620 cells. These data further support the hypothesis that cdc25A-mediated checkpoint pathways in HT29 cells may differ from other cell lines in multiple ways. Presumably the increased mitotic fraction in these circumstances is caused by accelerated mitotic entry, diminished mitotic exit, or some combination of these two processes. Because cd25A is known to contribute to activation of cyclin B/cdk1, it is hard to see how removing cdc25A activity could enhance mitotic entry. However, the process of mitotic exit is controlled in a complex manner by another protein phosphatase, cdc14 (61), which can both activate and antagonize the mitotic exit network (62) . Although we are not aware of any known overlap between substrates for cdc25A and cdc14, one could speculate that cdc25A function in HT29 cells might be aberrant in a way that confers upon it a positive role in mitotic exit. The basis for this phenomenon will need to be elucidated in future work.
In summary, it is clear that HT29 and SW620 cells differ markedly in their early S-phase checkpoint responses when stressed by thymidylate synthase inhibition, particularly with regard to regulation of cdc25A and mitotic entry. It remains to be determined whether the apparent lack of stringent S-phase checkpoint control in HT29 cells constitutes a basis for sensitivity to this class of drugs that can be exploited for therapeutic advantage.
